were conducted at two jet submergence depths for jet Reynolds numbers from 80 000 to 495 000 and Richardson numbers from 0.014 to 0.52. Results show that the rate of tank pressure change is controlled by the competing effects of subcooled jet flow and the free convection boundary layer flow due to external tank wall heating. It is shown that existing correlations for mixing time and vapor condensation rate based on small scale tanks may not be applicable to large scale liquid hydrogen systems. partially filled cryogenic tank is subjected to external heating and the fluid is thermally stratified, the tank pressure increases with a rate usually higher than its homogeneous pressure rise rate 1. Due to the temperature stratification the bulk liquid is generally subcooled. By using a mixer located near the bottom of the tank, the tank liquid is circulated and the subeooled axial jet can be directed towards the liquid-vapor interface. The subcooled jet spreads from the jet nozzle outlet, but remains confined to the axial region. with a small (0.14 m 3) cylindrical tank with relatively low wall heat fluxes (3 to 30 W/m2). Therefore, the effect of free convection boundary layer (along the tank wall) on the jetinduced mixing process was negligible. However, for a typical cryogenic storage system, the tank size may be large enough such that the flow rate of the warm fluid in the free convection boundary layer may be significant. This warm flow moves along the tank wall towards the interface and turns inward to oppose the subcooled jet. Consequently, evaporation may occur at the outer part of the interface (due to free convection flow) with condensation occurring at the inner part of the interface (due to jet flow). Therefore, the average vapor condensation rate at the interface will be reduced and the mixing time will be increased. The idealized flow pattern and phenomena are shown in Fig. 1 However, two systems were added in the present study: a pressurization system and a mixing system• The pressurization system was designed such that the pressurant (GH 2) was supplied from high pressure storage bottles at ambient tem- In each test, the tank liquid was initially saturated at about 117 kPa. The tank was then pressurized either by using the pressurization system to introduce GH 2 into the tank or by self-pressurization due to the ambient heat leak through the tank wall. If the tank was self-pressurized, the bulk liquid would be subcooled and thermally stratified. If the tank was pressurized by the introduction of GH 2, thermal stratification would be limited to a very thin thermal layer underneath the liquid surface. The mixer was turned on when the tank pressure reached a specified level• The test was terminated when the tank pressure reached a steady value or if the planned testing time was reached.
Results and Discussion
Three series of experiments consisting of ten tests were conducted. The tests were conducted at about 85 and 50 percent liquid fill levels (in volume) with the jet flow rate ranging from 0.91 to 5.63 m3/hr. The initial condition of each mixing test was established by raising the tank pressure by selfpressurization or by the addition of gaseous hydrogen such that the bulk liquid was subcooled. show the tank pressure decay as a function of time for various jet volume flow rates for all the test series• The pressure decay rate is faster for a higher jet flow rate as a result of the enhanced vapor condensation at the liquid-vapor interface• However, in test run 438, which has the lowest jet flow rate, the tank pressure increases with time during the mixing. This indicates that the net mass transfer at the liquid-vapor interface is evaporation due to the free convection flow along the tank wall. Also, the jet momentum may not be sufficient to overcome the opposing effect of buoyancy due to the thermal stratification.
Asolution foraturbulent free convection boundary layer withconstant wall heat fluxand uniform bulktemperature has been obtained byVliet etal.13 using thevelocity and temperatureprofilesemployed by Eckert andJackson 14in their analyses of turbulent freeconvection ona vertical plateat constant wall temperature. UsingVlietetal.'sresults, the volume flowrateintheboundary layer foracylindrical tank canbewritten as Qbl(X) =0.292_ Dv1/7(g_qw/pCp) 2/7x 8/7 (1) where D isthetankdiameter andx is thedistance measured fromthetankbottom. It isobvious that Qbl increases significantly withthetank size. Equation (1) 
where Qj is the jet volume flow rate at the jet nozzle outlet, x is the distance from the nozzle outlet, and d is the diameter of nozzle. The total jet volume flow rate at the liquid-vapor interface location is estimated to be Qc * = 0.456 Qj _
The values of Qbl* and Qc* are listed in Table II . Fluid properties at 110 kPa saturated condition were used to calculate Qbl*"
The jet induced flow Qc* brings colder fluid to the central part and the boundary flow Qbl* brings warmer fluid to the outer part of the surface. The net mass transfer at the interface results from condensation in the central part and evaporation in the outer part of the interface due to the flow rates Q¢* and Qbi*, respectively. Also, buoyancy due to thermal stratification may impede the upward motion of the colder and denser jet flow and may significantly reduce the condensation rate at the liquid-vapor interface. Table 111 ).In the test run 459, the tank pressure during mixing decreases even though Qbl* is greater than Qc*-This is, in part, due to the fact that the Richardson number for this test is low (Ri = 0.2, in Table HI) . If the jet flow rate is high enough such that Qc* is much greater than Qbl*, then there may be condensation occuring over most of the interface. As shown in Table II , the test run 471 represents this case.
As shown in Table I , test run 385 has the same jet volume flow rate as test run 438. However, unlike test run 438, the tank pressure in test run 385 decreases (Fig. 3(c) ) during the mixing process. This is because, for tank pressurization using gaseous hydrogen, the pressurization time required to reach the target tank pressure is too short for the free convection flow to be fully developed and also the liquid temperature is less stratified. Therefore, the effect of wall heat leak in the mixing process is greater in test series A than in test series C.
The ratio of the liquid-vapor interface diameter to the jet nozzle diameter, Ds/d, ranged from 85 tol00 in all the tests. Thus, as the jet moved upward and reached the liquid surface, it had to travel a long distance in the radial direction before moving back towards the tank bottom. This made it difficult for the axial jet to induce complete mixing of the tank fluid. 
From Table 11I , it is seen that the mixing time for test runs in which the tank pressure reached a steady value is underpredicted by Eq. (5). This may be due to the combined effects of natural convection flow, tank size, and tank geometry. The effect of natural convection flow can be investigated from the present data. Since in each test series, the modified Grashof number (Gr*) is nearly constant, the effect of natural convection flow on the central jet flow will decrease as the jet Reynolds numbers (jet volume flow rates) increases. Therefore, as shown in Table 111 , the comparison improves as the jet Reynolds number (Rej) and then the ratio Qc*/QbI* increase. Also, the comparison seems to be slightly better for test series C because the natural convection flow is not fully developed in these tests. Equation (8) 
where Ap is the density difference between the liquid and the vapor and _3 is the surface tension of the liquid. Equation (9) gives the prediction of minimum jet Reynolds number (Rej) for the jet to penetrate the liquid-vapor interface. Using this criteria, the jet Reynolds number for the onset of the surface breakup for the tests at 85 percent fill level is about 230 000.
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